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TRANSLATOR 'S ABSTRACT

As part of unified research on the behavior of the fluoride ilon
in sedimentary rocks, the present study deals with the system
Ca0-Pa0x-HF-Ho0 at 25° C. under conditions of sea sedimentation.
The precipitated phases, their fields of crystallization and stability,
the fluorine-phosphorus coefficient, and the isomorphism of fluorhydroxyl
ions in the apatite lattice are considered and illustrated by orthogonal
projections. The results lead to conclusions on flucorapatite sedimenta-
tion on phosphate shelves, with 1ts consequent fixation of fluorine,
expressed in the form of an average annual balance sheet for the processes

involved.

VoLoS.
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THE FLUORAPATITE SYSTEM OF EQUILIBRIA IN THE
CONDITIONS OF FORMATION OF SEDIMENTARY ROCKS 1/

By

A. V. Kazakov

INTRODUCTION

The fluorine (F) of sedimentary rocks and natural waters has
recently attracted increasing attention., There is a growing interest in
its chemistry and geochemistry. The causes are both practical and theoreti-
cal, Workers in sanitation and hygiene consider as one of their problems
the purification of drinking water from an excess of fluor-ion, dangerous

to the human organismogf In zootechnics a method is gaining application for

using - a fluorless phosphate of calcium (¥feed precipitate®) in the feeding

of animals,

The phosphate industry has begun to employ a thermal process
for removing fluorine from phosphorites by replacing the fluor-ion in
the apatite lattice by ahydroxyl group. This gives hydroxylapatite which

is well assimilated by plants.

i/ A co-editor of this paper is A. G. Be:’cgm:zm‘9 Ph.D. in chemical sciences,.

g/ It has been proved very recently that there is danger to the human body
not only in an excess of fluorine in drinking water (a content of more
than 2 mg/lt.of fluorine produces tooth decay, a spottiness of the enamel),
but also in an insufficiency of it. Evidence establishes that the opti-
mal content of fluorine in drinking water must be about 1,1 mg./lt. To
obtain this content, the practice was started beginning with 1945 to
introduce into drinking water deficient in fluorine (e.g. Lake Michigan
and other sources) some fluorine in the form of sodium fluoride (the
tow?s Newberry, Ottawa, etc,) sufficient to bring the content to 1.1
Mg o 1t, Fo#

# Such a content seems too high - Translator,



InAvery recent years a process has come into use of fluorining
organic compounds with a view to obtaining plastics non-inflammable and
non-soluble in ordinary solutions, especially resistant dyes, and so forth,

In soil-science and agricultural economics fluorine may be use-
ful in combating pests, In the lithology of sedimenbtary rocks fluorine
has proved an interesting index of phosphatic and non-phosphatic facies,
Finally, fluorine is an important element forming minerals in the realm
of metamorphic rocks (hypotherms, pneumatolysis, etc.) and relatively
easily replaces isomorphically the hydroxyl groups.

All these considerations have prompted us to conduct a series
of experimental investigations, which have made it possible to gain a more
precise knowledge on the behavior of fluor-ion in sedimentary rocks, namely,
the ways of ite migration, dispersion, concentration, and formation of
minerals,

Our experimental research on the balanced fluorapatite system and
on the isomorphism of the hydroxylfluoride ionwas carried out in close as-
sociation with G, A, Markova, who directed the analytical work.

The experiments on the fluorite systems were done with the direct
participation of E, I. Sokolova and A. Z, Vainshteim; of the Laboratory
for synthesis of minerals of sedimentary rocks, Institute of Geological
Sciences (IGN), Academy of Sciences of the U.S.Se.Ro

The general direction of the work, analysis of experimental

data, and preparation of the present paper were made by A. V. Kazakov.



I. GEOCHEMISTRY OF FLUCRINE

1. Data on fluorine and phosphorus

The history of the fluorine which reaches the sea basins is
connected on the one hand with the flow of surface waters and on the
other hand with the expulsion of fluorine compounds from the irrbefior
of the earth by volcanic eruptions ow3=/ The migration of the fluor-ion
carried by water flow is most intimately related to phosphorus (phosphate-
ion); therefore we give in Table 1 some data on phosphorus and fluorine,

of interest to us eﬁ/
Conclusions

Biological entities (plants, animals), being usually concen-
trators of phosphorus, avoid the accumulation of fluorine in their organs,
This observation applies particularly to some seaweeds (lithothamnia),
which can be called in this respect fluor-filters., Such avoidance also
explains the fact that the mineral part of a living bony substance con-
sists mainly of hydroxylapatite, The bony skeleton of an animal is sub-

ject to fluoridation only after the animal's death,

2/ This applies also to the fluorine compounds of volcanic origin which
reach the sea basins one way or another,

L/ The content of fluorine in cores from a drill hole near the town of
Kazan' (sediments C3, P, and Pp), when calculated in percentages
of weight, was on the average as followss

Percent Average for
Dolomites ccoeeso 00025 10 Samples
Limestones ceeeee 0023
Anhydrides seecese 0,01k
GYPSUM ococeovecoocs 0.012
Clay shales secooe 0,010

Vo V. Danilova,
19L9

Shepherd, 19l1

[ IR A & o)
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Table l.-~Data on phosphorus and fluorine

Sample .
no, | Substance % P 4F [100 x %_é_z_, Author, year
205
I. BIOLOGICAL ENTITIES
1 | Seaweeds to 2.0:10°|  x+10°8 | approx. 0,0000x
(Lithothamnia) .
Mustard family
2 | Turnip 8s107% 1:10°t | 0,027 % of 1iving
3 Cabbage 7:10-1 1,0:10-k 0,032 weights
Vinogradov, 1932
Leguminous plants
L Lentil 5:10~1 1:10-3 0,320
5 Beans x10-1 2:10-3 0.90L
6 Bone, keratin
(of living - - from 2,202
organisms) t0.0,90L
1. sorrsy
7 Soils 8,0:10“2 £r.1°10~2| from 5.5 Fersman,
o] to 16.lL 1933, 253
to 302107 Vinogradov, 1945
TII. EARTH CRUST
8  |Barth's crust|1.2:10"1 2.7:10‘2}
(atmosphere, hydrosphere, |2,6210~2 9.6h Clarke, 1920
lithosphere to a depth 8°Oslo‘§ [Fersman, 1932
of 16 km,) 1,02107 Vernadskii,
1925-1930
IV, CRYSTALLINE ROCKS
9 Basalts 2,0:10-1 - -
10 Granites 1,0:10-1 - - Clarke, 1920
11  |Peridotites [6.1:107% - -
12 Cryst. rocks
as a whole 1.3:10-1 - - Fersman,
13 Granitic o 1933, 282
pegmatites  |5,0:10"2 9;10 79.0

I

i/ The average content of fluorine in the soils of U.S.S.R. (average from
L6 samples) is:
1918).

2 x 10-2

(TABLE 1 continued on next page)

percent (according to Vinogradov, Danilova,




Table l.--Data on phosphorus and fluorine (continued)

Sample g7
No. Substance P F 100 x Author, year
\ % % ‘%-—'—-PZOS s J
| o Ve SEDINENTARY ROCKS
1L | Clays, slates 7°h:10‘5 - -
15 | Sandstones 3.5:10° —— -—
16 | Limestones  |1.7:1072 -- - il
17 Sedim, rocks 5
as a whole  |6.5:10" - --
VI, WATERSZ/
18 River waters 21670 approx, .
2,010 approx. 200
19 Sea waters of 6 L ‘ Vinogradov,
normal salinityp.0e10” 1.03107 870 1938
20 Relict basins — - to 3300

2/ An increase of concentration of fluor-ion in the waters of drying
("relict®) basins and a related increase in the total content of
fluorine in the bottom sediments occur,. naturally, also in sweet-
water continental basins., Thus, E. S. Zalmanson determined in 1947
the content of fluorine in the bottom sediments of the western half
of Lake Balkhash as being of the order of L.2 x 10-2 ercent, and in
the saliferous eastern part of this lake as 9.8 x 107% percent.

Of considerable interest from the.standpoint of lithologic facies
and geochemistry is the so-called "fluorine-phosphorus coefficient® of rocks
and natural waters: % F/%PZOS. According to Clarke (1920) and Berg (1932),
this coefficient for the earth's crust in general is on the averages

2,65 x 102 4 F  _
T.2 X 1072 & P %.2+29 0.096.

Namely, it almost corresponds to the fluorine-phosphorus coefficient for
fluorapatite (0.0893).
The fluorine-phosphorus coefficient for soils (averaging from

0.055 to 0.11) is also close to these figures. With the small value of
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the fluorine-phosphorus coefficient for soils, the sitnation appears
at first glance paradoxical. But it can be explained by the known
hydrolysis of fluorapatite in soils, brought about by the drainage of
atmospheric waters., In this process, according to our experimental
findings (see below), the fluorapatite disseminated in soils partly
pushes the fluor-ion out into the drainage waters and replaces it by
a hydroxyl-ion; meanwhile fluorine is carried away by the water flow,
| For granitic pegmatites, usually enriched by fluorite and

other minerals containing fluorine, the fluorine-phosphorus coefficient
is considerably higher, increasing up to 0.79 according to E, A, Fersman
(1933),

For fresh surface-waters the fluorine-phosphorus coefficient
rises still further, reaching about 2.0 or more, on the average,

For ocean water the fluorine-phosphorus coefficient attains
values of the order of:

1,0 x 10k g F - 8.70
500 X lO"b % P x 2029

In ancient or "relict® sea basins the coefficient reaches still

higher values,
2. Minerals containing fluorine

Table 2 gives data on 3l known minerals containing fluorine.
Its examination leads to the following conclusions:

(a) The predominant majority (26) of the minerals containing
fluorine are related to processes of the type of pﬁeumatolysis and hypo-
therms, in which the fluor-ion is replaced isomorphically by the hydroxyl

ion,
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(b) Only 6 minerals are genetically related to magma,

(¢) Four minerals are directly connected with vulcanogenic
processes.,

(d) Only two minerals--fluorite and fluorapatite--are geneti-
cally related to sea sediments of normal salinity at an early stage of
salinification, and three minerals--fluoborite, schairerite, and
sulfohalite--to processes of advanced halogenesis (salt lakes and
drying "relict" basins).

We shall concern ourselves in the present paper principally

with the migration of fluor-ions in sea sediments,
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I, CONDITIONS OF THE FORMATION OF
FLUORAPATITE IN SEDIMENTARY ROCKS

3¢ The system Ca0-P,0g-HF-Hp0
Introductory remarks

The present investigation of the four-component system
CaO»PZOS-HFwHZO is a natural continuation and expansion of our previous
work on the tri-component system CaO~P205~H20 (Kazakov, 1937), carried
out by introducing an additional component, the fluor-ion. As should
have been expected theoretically, three new precipitated phases are ob-
tained in this more complex systems

Fluorite o o ¢ o o o 6 o o 0 o o o o CaFp
Fluorapatite o o o o © o o 0 o o o o CaS(POh>3F
Fluor-hydroxylapatites o o s o o o o Cas(POh)3(F90H)

Naturally, each of these new phases has its own fields of
crystallization and stability.

From the methodological standpoint this investigation proved to
be more complicated than the study of the tri-componsnt system CaOszoswﬁzco
First of all, attention must be called to a number of analytical diffi-
culties due to the small amounts of PZOS and partly of F.

In the extreme alkaline fields of the system the equilibrated
concentration of P205 declines to an infinitesimal value of the order of
0.005-0,001 mg./1t, P,0g. To obtain reliable results in such cases it is
necessary to employ 5 to 6 liters of equilibrated sclution even when applying
the good colorimetric method of Tsinsadze with the use of an electrophoto-
colorimeter. This quantity requires in turn using large containers (5 to

10 liters in capacity and treated with paraffin) for the reactionsg
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conducting the work with oil or mercury locks on the.mixerss under con-
ditions of all possible sterilization and of double distillation, for
the prevention of pollution; treating the dry residue, obtained by
evaporation, with hydrogen peroxide before the determination of P2055
and so forth.

The fluorine was determined according to Penfield (by elimina-
tion), with a subsequent titration with thorium nitrate., In the case of
small concentrations of Ca0 (less than 5 mg./lt.), controlling determina-
tions were made by the nephelometric method,

To obtain more crystallized sediments and a balanced state of
the system, the first phase of the process (mixing the reagents) was made
to last from 30 to 50 hours. The second phase of the process--decrease
of residual oversaturation ("a seasoning® period in each experiment)--
lasted from 1 to 2 months, with a systematic control of the liquid phase
with respect to pH and PZOSO Moreover, the experiments themselves were
conducted by two methods, which allowed studying the onset of equilibrium
in two ways, with respect to dissolution and with respect to crystalliza-
tion, It is proper to mention here that the second method is more reliable
because the process of dissolution not infrequently ceases long before the
onset of equilibrium in the case of exceedingly dilute solutions., We
employed principally the method of slow crystallization, mostly at a rate
of about 5 mg./lt. PoOg per hour. The reagents weres

(2) lime water Ca(OH),;

(b) orthophosphoric acid H3PO) .aq;

(¢) +the source of fluorine was mostly NaF,
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Method of mixing reagents

In most cases the solutions Ca(OH), and HqPO) were poured simul-
teneously at a definite given speed from burets (or automatic-dosage
instruments) into a container with a mixer. For a good formation (crystal=
lization) of precipitated phases, we ordinarily used slow crystallization
at a rate of the order of 5 mg./lt. P205 per hour, Fluorine (as NaF or
HF) was mostly introduced together with H3PO) .

The mixing of reagents (the first phase of the reaction) usually
continued from 2 to 100 hours; the second phase of the reaction (holding
off the system until equilibrium) lasted mostly about one month.

The precipitated phases were controlled by ordinary methods of
chemical analysis and of crystal opticsg in a number of cases the sediments
were studied by techniques of X-ray structural analysis and of thermal
analysis,

The system CaO~P205—HF-H20 investigated by us has significance
not only in interpreting the geochemistry of flﬁorine in sedimentary rocks
and the origin of sedimentary fluorapatite and fluorite, but also in
questions of agrochemistry, the physiology of phosphate feeding of plants,
and the chemistry of soils. Enthusiasm over the theory of the "absorbing
complex" in soil sciences has in a number of cases obscured the problem
and unfortunately has retarded the application of the theory of phase
equilibria within the ranges of low concentrations for the study of soil
processes.,

The results of our experiments are summarized in teble 3 (59
experiments) and table L (27 experiments). In both tazbles the data are

arranged in an order from the weakly acid to the extremely alkaline fields.
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In all, we conducted and analyzed 86 lengthy experiments covering
fields within a broad range of values of pH (from 6 to 12) and of equipon-
derant concentrations (from 103 to 0,00l mg./lt. P2059 and from 0 to 790
mg./1t. F).

After the equilibrated systems used in these experiments were
filtered, we conducted 231 quantitative determinations of CaO, P205, and
F in the 1iq£11d phases and 3L9 quantitative analytical determinations in
the solid phases, not counting control determinations within the pro-
cedures of the experiments themselves,

Figure 1 shows the orthogonal projection of a three-dimensional
model of the given system, made upon the vertical plane of coordinates
Ca0 and PQOS' Figure 2 gives the same projection upon the horizontal
plane of the coordinates Ca0 and F. Figure 3 presents the system in the
plane of the coordinates pH and PZOSo

L, Characterization of the solid phases of the system
and of the fields of their stability

The system Ca0-P,0g-HF-H,0 (isotherm 25°C.) was found to have
in the fields of low concentrations of P205 seven precipitated phaseég
among which fluor-hydrox¥lapatite is a phase of vafiable composition.

(§‘ee table 5). |
5o Isomofphism of fluor-hydroxyl ions
in the apatite lattice

The introduction of the fluor-ion component into the system
Ca0-Pp05-Hy0 considerably changes its appearance in the alkaline fields
as well as the composition of bottom sediments because the fluor-ion enters

into the crystal lattice of hydroxylapatite, forming first of all a wide
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Figure 1l.--System of the equilibria of Ca0-Pz05-HF-Hz0 at 25°C in the neutral

and alkaline fields.
Po0s mg/liter. Symbols are the same for

Precipitated phases:

1, @ (CaHPQO4-2Ho0 (monetite) 5
2. ® (aaPs0g°Hz0 (tricalcium-phosphate) 6,
3. © C(Cas(P04)30H (hydroxylapatite)

L, e (Caz(P04)a(F,0H) (fluorhydroxylapatite) ga

*

Orthogonal projection upon the coordinate plane CaO-
figure 2.

Cas (P04 )asF (fluorapatite)
Ca5(PO4)3F + CaFso
(fluorapatite + fluorite)
CaFs (fluorite)

Ca(0H)s (calcium hydroxide)
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Figure 2,--System Ca0-P20s5~-HF-Hz0 at 25QC, Projection upon the
coordinate plane Ca0O-F mgo/liter.
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field of isomorphic mixtures (fluor-hydroxylapatite), as shown on Figure 2,
field ABCD.

With a greater increase of the concentration of fluorine in the
balanced liquid phases, up to a content of 1 to 7 mg./lt. (namely 1 mg./lt.
F in the extreme right alkaline fields, and ? mg./lts F in the almost
neutral, left fields on Fig. 2), the content of fluorine in the bottom
sediments also increases and reaches the content of the normal sediments
of fluorapatite, with a ratio (% F : % PyOg) x 100 = 8.93 (Fig. 2, field
CDEF ),

A further increase of the content of fluorine!in the system at
first does not result in the formation of new precipitated phases, until
the balanced liquid phase has reached concentrations‘up‘to 2,5 mgo/lt. of
fluor-ion in the extreme alkaline fields and concentrations up to 17 mgo./1t,
F in the extreme left neutral fields (Fig. 2, line EF). From this moment,
however, fluorite begins to settle upon the precipitated phases, together
with fluorapatite, forming the field EFHG of the double sediments
GaS(POh)3F 4 CaFg.

Finally, with a further increase of fluor-ion content in the
liquidus and a decrease of P50g, a narrow field is formed by the sediments
of fluorite alone (Fig. 2, line GH).

For a fuller clarification of the regularities governing the
process of fluoridation of hydroxylapatite, we have summarized in Table 6
and Figure L experimental data on the coefficients of fluoridation, the
interphase distribution of fluorine, and the double points CaS(POh)jF ¢ GaF2o
These data are taken from experiments made within the fields having values
pH = 8,0 § 0.5, 9.5 4, and 10, corresponding concentrations LO, 50 to 100,

and 600 mg./1t. of Ca0, and variable quantities of fluorine in the liquidus,
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Figure b4,.--Diagram of the isomorphism of hydroxyl-fluor-ions
in the lattice of apatite (isotherm of 25° C.).
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Figure l; was plotted as follows: On the abscissa we measured
the equilibrated content of fluor-ion in the solution in units of mg., of
fluorine per liter; the scale of the absciésa is 10 vmg./1t, Fo  On the
ordinate we plotted the corresponding percentage content of fluorine in
the precipitated phases, expressed in units of the coefficient (% F: % P,0g)
relative to % onso This coefficient k for normal fluorapatite is
(3.77 %F)s(L2.,22 ¢ PZOS) = 0,0893, The scale for values on the ordinate
in Figure L is 10¥/"100.K or 10V TOO(AF & #P50g)

An analysis of the curve of inter-phase distribution of fluorine
in the system Ca0~P205—HF-H20 shows that an augmentation of the content of
fluor-ion in the solutions of the system is accompanied by a very rapid
increase of its content in the prscipitated phase. The curve of the
isomorphic replacement of the hydroxyl-ion by fluorine has the shape of
a hyperbola (curve I, Fig. U).

When a 100-percent fluoridation is reached; the curve of sediments
of normal fluorapatite becomes a segment of a straight line disposed parallel
to the abscissa axis, until the content of fluorine in the solution attains
a certain limit.value which marks the start of the precipitation of fluorite
CaFy, Beginning with the latter moment a further addition of fluor-ion to
the system ceases to increase the balanced concentration of fluorine in
the solution, and the entirs fluorine residue settles in the form of CaF,,
producing a two-phase sediment Cag(PO)).F 4 CaFps This moment of transi-
tion appears on the diagram as a sharp break in the curve of fluorine dis-
tribution and its change into a straight vertical line,

It is relevant here to cite some data from the papers of Professor
Do P. Grigortev (1935 and others) on the synthesis of magnesial-ferric micas,

whose hydroxyl group can be fully replaced by fluorine, We give the isomorphic



30

end-series of the micas of this type, studied synthetically.

Phlogopiteoooooooooooeooeooooo{%rom KngAlSiBOlo(OH)Z
o KMg3A181 307 gFp
Biotite (according to

MOrOZGViChoodcoooéooo{%rom.K(Mgs Fe°*)3A15i3014(0H),
‘ to K(Mg, Fe®*)3A1515010F,
Lepidcmﬁlaneoooooeooo;oeoeoooo KF@B‘°Fe°°°SiBOlo(OH9F)20

D, P. Grigortev (1935) notes correctly: "in artificial micas
the fluorine must take the places of the hydroxyl group, as is actually

confirmed by X-ray investigations...." (p. 350).
6., Geologic-genetic interpretation of the fluorapatite system

In sea basins of normal salinity there is a widespread process
of fluorine fixation, consisting in the deposition of fluorapatite in areas
of phosphatic shelves; it is examined in detail in the paper of A. V. Kazakov
(1939), This process of phosphorite formation is the first stage of the
separation of fluorine in the cycle of development of sea-bottom litho-
genesis,

The average content of phosphorus and fluorine in natural waters
is given in Table 7,

It is interesting to express the process of fluorapatite sedi-
mentation, with its fixation of fluorine, in the concrete form of an average
annual balance-sheet. based on the tonnage and salt mass of world-wide
yearly river-water discharge. We give average figures,

Annual evaporation from the entire hydrosphere: 128,000 km3.
(according to Knipovich, 1938)

Average annual quantity of precipitation over dry land: 106,822 km3,
Annual discharge of river waters into seas and oceanss 26,700 kn?.
Annual emission, in solution, by river waters into the world

ocean: PpOgecsccccscssssosabout 1 million tons
Fooososoocscosnscscadboulb 503 million tons,
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Table 7.--Average content of phosphorus and fluorine in natural
waters (Vinogradov, 1938)

Polg ¥
Clark %P |me./1t. POy | Clark #F | mg./lt. F

A. SEA WATERS (WORLD OCEANS)
World oceans | 5e0°10~6 0.1k 1.0210-4 1,0

B, RIVER WATERS

Volga - - - 0,10-0.12
Dnepr - badad il Oclé"’Ool?
Don - - - 0,30
Average - 0.0 - 0,20

If we take for the basis of calculations the readjustable equilibrium
of salt composition and salt mass in the world's oceans/ established during
geologic time, as set forth By Ve Io. Vernadskii and others, we can consider
that, on the average, all this mass of phosphorus, namely, about L million
tons of phosphorites (taking prévisionally their content to be 25 percent
PZOSL is sedimented annually from the water mass of the world-oceans upon
respective "phosphate shelves” in one or another degree of concentration and
dispersion,

With the given chemosedimentation of phosphorites, these minerals
capture (for saturating with fluorine the apatite lattice of the phosphate
substance of phosphorites) about 90 thous?nd tons of fluorine; which consti-
tutes, however, only about 1.7 percent of'its annual discharge by river waters,

Thus, the larger part of fluorine excess is concentrated in the
world's oceans up to an average content of 1 mg./lt., A further increase in
the concentration of fluorine is limited by the removal of fluorine from

the world's oceans under conditions of ®relict® basins, mainly in the form of

fluorite, which reminds us of the fate of the other haloids, chlorine and bromine,



